Abstract Photocatalytic degradation of phenol and benzoic acid in aqueous solution was studied using zinc oxide (ZnO) powder synthesized by sol-gel process. Synthesized catalyst was characterized by X-ray diffraction and transmission electron microscopy. The Brunauer-Emmett-Teller surface area, pHpzc, and the band gap of the catalyst samples were also measured. The influence of various key parameters such as amount of photocatalyst, initial solution pH, and the initial concentration of phenol and benzoic acid was investigated.
Introduction
Aromatic pollutants, in particular phenolic derivatives, constitute a group of organic pollutants that are often encountered in the environment as a result of their numerous applications. Phenolic derivatives are the products of many industrial processes, and they may be found in trace quantities in industrial wastewater. These compounds are considered as priority pollutants since they are harmful to organisms, and many of them have been classified as hazardous pollutants because of their potential to harm human health [1] . In recent years, many studies have been focused on the photocatalytic degradation of organic compounds by semiconductor particles acting as photocatalysts [2] [3] [4] .
Heterogeneous photocatalytic reactions were studied for more than fifty years. If few publications have been published before, the mostly cited one is the one of Honda and Fujishima in 1972 [5] . The heterogeneous photocatalytic process is initiated when a photon with energy equal or greater than the band gap energy (E bg ) of the photocatalyst reaches its surface, resulting in the generation of mobile electrons in the higher energy conduction band (E cb ) and positive holes in the lower energy valence band (E vb ) of the catalyst. The photocatalytic reaction proceeds via a series of chemical events, through the utilization of both the electron-hole h + for oxidation processes and eventually to the capture of the e À electron for reduction processes, as well as potential formation of super oxide anions and hydrogen peroxide from oxygen. These facts allow both mineralization of organic species and removal of inorganic cations [6] .
The photocatalytic activity of ZnO is almost similar to that of Titania, i.e., ZnO is found to be as reactive as TiO 2 under concentrated sunlight (as the band gap energy of ZnO is same as that of TiO 2 , i.e., 3.2 eV). But in some cases, the photocatalytic activity of ZnO is considered to be less than that of TiO 2 , due to photocorrosion tendency of ZnO. In aqueous solution, ZnO shows photocorrosion tendency with the illumination of UV light [7, 8] However, the photocatalytic activity of ZnO is limited to irradiation wavelengths in the UV region because ZnO semiconductor has a wide band gap of about 3.2 eV and can only absorb UV light with wavelengths below 387 nm [9] . It is particularly interesting to synthesize ZnO by the sol-gel process because sol-gel chemistry is an efficient tool for controlling morphology and reactivity of solids. In recent decades, it has permitted the development of new highly dispersed materials, presenting both good homogeneity and purity [10] [11] [12] . The efficiency of photocatalytic processes has been shown to depend on several different characteristics of the semiconductor particles, such as their surface properties, the position of their band gap potentials, and the mobility and recombination rate of the charge carriers generated by UV light absorption. Moreover, a relevant role is also played by the chemical and adsorption properties of the degradation substrate, depending also on experimental conditions, such as pH and the substrate to photocatalyst concentration ratio [13] .
In this work, ZnO powder was synthesized by sol-gel method using zinc acetate dihydrate as a precursor and characterized by using techniques such as nitrogen adsorption isotherms, Xray diffraction (XRD), scanning electron microscopy (SEM), and UV-Vis spectroscopy. Photocatalytic activity of catalyst was evaluated by measuring the photodegradation of phenol and benzoic acid. The effect of different operating conditions, such as catalyst loading, initial pH, and pollutant concentrations, was also studied.
Experimental section

Photocatalyst preparation
ZnO powder was prepared by sol-gel method from zinc acetate dihydrate, oxalic acid using ethanol as solvent. ZnO gel was obtained by dissolving 50.1 mmole of zinc acetate (CH 3 COO) 2 ZnAE2H 2 O in 300 ml ethanol (C 2 H 6 O) and refluxing at 60°C under vigorous stirring for 30 min. 140 mmole of oxalic acid (H 2 C 2 O 4 ) was mixed with 200 ml of ethanol and added to the previous solution slowly. The final mixture was refluxed at 50°C for 60 min before left cool down to room temperature. Finally, the ZnO gel was dried at 80°C for 20 h (Xerogel), and the powder calcined under flowing air (0.1 mmol s
À1
) for 4 h at 650°C.
Photocatalyst characterization
Nitrogen adsorption-desorption isotherms were measured at À196°C on a Fisons Sorptomatic 1990 after out gassing for 24 h at ambient temperature.
ZnO particles sizes were examined by SEM on a Jeol JSM-840 under high vacuum, at an acceleration voltage of 20 kV.
The samples were deposited onto carbon tape and coated with gold in a Balzers plasma sputterer (30 s at 30 mA).
XRD was used to determine the nature and the size of crystalline phases of ZnO. Patterns were obtained with handpressed samples mounted on a Philips PW 1830 goniometer using the Cu Ka line (k = 0.15458 nm).
Diffuse reflectance measurements in the UV/Vis region (250-800 nm) were performed on a Varian Cary 5000 UV/ Vis/NIR spectrophotometer, equipped with a Varian External DRA-2500 integrating sphere, using BaSO 4 as the reference. Spectra were recorded in diffuse reflectance mode (R = reflection intensity) and were transformed into the absorbance coefficient (F(R)) by the Kubelka-Munk function,
2 /2R [14] . ZnO band gap value, Eg, was obtained from the plot of the Kubelka-Munk function ( F(R) E)
1/2 vs. the energy of the absorbed light, E [14, 15] . By definition, pHpzc is the pH of the solution in contact with solid at which the net surface charge on the surface of an adsorbent particle is zero. The pHpzc of the zinc oxide was measured by the pH drift method [16] . The determination of pHpzc was done by adjusting the pH of 0.01 M NaCl (50 cm 3 ) to values between 1 and 10 obtained by adding either 0.1 M HCl or NaOH. About 0.05 g of zinc oxide was added into each solution at room temperature and then shaken for 48 h. The final pH was measured and plotted against the initial pH. The pH at which the plotted curve intersects the line of pH (final) = pH (initial) was taken as the pHpzc of the zinc oxide surface.
Photocatalytic experiments
To determine the photocatalytic activity of the synthesized material, the study of the degradation of phenol (Riedel-de Hae¨n, 99.5%) and benzoic acid (Aldrich; Purity >99.5%) under UV irradiation was realized.
The phenol and benzoic acid degradation was carried out at 20°C using a water-cooled cylindrical 200 mL glass reactor ( Before each photocatalytic test, the mixture was kept in the dark for 1 h to ensure that the adsorption-desorption equilibrium was reached before illumination. The sample was then taken out at the end of the dark adsorption period, just before the light was turned on, in order to determine the phenol and benzoic acid concentration in solution, C 0 0 . In all cases, the difference between C 0 and C 0 0 was found to be negligible when compared to the error of the method. When the lamp was turned on, the experiment started. After a given irradiation time, the sample was taken out from reactor; then, the catalyst [ZnO] was removed by centrifugation and the remaining phenol, and benzoic acid concentration in the solution was measured with the photocoulometric method of 4-amino-antipirine [17] , analyzed with a 1201 Shimadzu spectrophotometer.
Repetition tests were made to ensure the reproducibility of results. So, all the photocatalytic results presented in this work are the mean of three replicates. 1 1 2), and (2 0 1) can be indexed as a hexagonal wurtzite ZnO structure which are consistent with the values in the standard card (JCPDS 36-145) [18] . No diffraction patterns from any other impurities were detected, which confirms that the synthesized powder was pure ZnO hexagonal. Crystallite size ''D'' was obtained by measurements of the broadening of diffraction lines and applying the Debye-Scherrer formula [19] .
where k is the wavelength of Cu Ka radiations (1.54 Å ), b the full width at half-maximum of the peak corresponding to the plane (1 0 1), and h the angle obtained from 2h value corresponding to maximum intensity peak in XRD pattern. The diameter of crystallite size of synthesized ZnO powder was 20 nm. By SEM analysis, it is observed in Fig. 3 that the calcined ZnO powder is composed of aggregates of ZnO particles. All of the particles are uniform, spherically shaped.
A nitrogen adsorption-desorption isotherm was carried out to analyze the textural properties of the calcined ZnO powder, and it is presented in Fig. 4 . This isotherm displays a slight increase in the adsorbed volume at very small p/p 0 values, which is characteristic of the presence of micropores (<2 nm) inside ZnO particles [20] . Furthermore, the isotherm shows a hysteresis at p/p 0 from 0.4 to 1, due to capillary condensation in mesopores (2-30 nm) corresponding in the voids between the 20-30 nm ZnO powder particles [20] .
Finally, the specific surface area obtained by the BET method of the calcined ZnO powder is equal to 10.52758 m 2 g À1 , characteristic of a material with low porosity, or a crystallized material [14, 15] .
UV-Vis spectroscopy is an effective tool to investigate the light absorbing behavior of solid powders [21] . Fig. 5 shows the UV-Vis diffuse reflectance spectra of the calcined ZnO powder. Using the method reported by Provenzano et al. [22] , the absorption edge value was calculated to be 380 nm. The absorption is at <400 nm that indicates the absorption edge active at ultra violet (UV) region.
A band gap (Eg) of ZnO powder was calculated [23] from the equation:
where h is plank constant = 6.626 · 10 À34 J s, c is speed of light = 2.998 · 10 8 ms
À1
, k is cutoff wavelength at 380 nm corresponding to the band gap of 3.263 eV.
Because one of the aims of this work is to determine the influence of pH on the photocatalytic activity of photocatalyst, it is very important to know the pH PZC of the calcined ZnO powder. The pH PZC of the calcined ZnO powder is shown in Fig. 6 . The pH PZC is the point where the curve of pH final vs. pH initial intersects the line pH initial = pH final , with the value for the calcined ZnO powder being 8.6. ). The results of the studies as given in Figs. 7a and 7b show that direct photolysis did not cause any significant degradation under UV irradiation. In the presence of ZnO without irradiation, slight loss was observed due to the adsorption of phenol and benzoic acid on the surface of ZnO. The irradiation under UV light in the presence of catalyst caused 69.75% degradation of phenol and 67.98% degradation of benzoic acid in 120 min.
Photocatalytic activity of the calcined ZnO powder
Effect of initial pH
The pH values of the different wastewaters are different, and they influence the photocatalytic reactions for removal of the pollutants [24] . . The degradation rate of both substrates is maximum at acidic pH and decreased with increasing pH. The observed trends are clearly correlated with the electrostatic interactions between the substrate and the photocatalyst surface, depending on the pH of the suspension [25] . This phenomenon was caused by the surface properties of photocatalyst. The point of zero charge (pH pzc ) of ZnO powder is about pH 8.60. Above this pH value, the surfaces of ZnO particles are negatively charged, while below this pH value, they are positively charged [26] . Some ionic compounds such as phenolate and benzoate having negative charges could be adsorbed on the surfaces of ZnO Figure  7a Removal efficiency of phenol at:
Figure 5 UV-Vis spectra of calcined ZnO powder. .
Figure 7b
Removal efficiency of benzoic acid at:
particles easily below its pH pzc , while phenolate and benzoate anions are repelled from the negatively charged photocatalyst surface at pH above the pHzpc of ZnO, according to a simple surface charge model [13] .
Effect of the amount of ZnO
In order to avoid an ineffective excess of catalyst and to ensure a total absorption of efficient photons, the optimum mass of the calcined ZnO powder photocatalyst needs to be found. Experiments were carried out taking different amounts of ZnO, keeping the dye concentration constant (mg L À1 ). Fig. 9 illustrates the effect of different amounts (0.5-2.5 g L À1 ) of calcined ZnO powder on the decomposition of the phenol and benzoic acid molecules. It is clear from Fig. 9 that the degradation rate of both substrates increases with an increase in the mass of catalyst up to an amount of 1.5 g L
À1 . An increase in the degradation rate is due to an increase in the number of active sites on ZnO available for the reaction, which in turn increases the rate of radical formation. The reduction in the rate constant may be due to the reduction in the penetration of light with surplus amount of ZnO. The surplus addition of the catalyst makes the solution more turbid and light penetration is retarded. The addition of surplus catalyst also results in the deactivation of activated molecules by collision with ground state molecules [27] .
Effect of initial concentration of phenol and benzoic acid
It is well known that the initial concentration of reactant plays an important role on the photodegradation of organic compounds [28] . The degradation rate decreases with increasing initial concentration. Similar results are shown on the photocatalytic degradation of various organic compounds [29] The initial phenol and benzoic acid concentrations, C 0 , were varied from 0.05 to 0.25 g L À1 at pH = 2.5 and with
Figs. 10a and 10b show, respectively, the effect of initial concentration of phenol and benzoic acid on their photocatalytic degradation. It is observed that (C/ C 0 ) 120 slightly decreases when C 0 increases from 0.05 to 0.20 g L
À1
. This behavior can be due to an increment of adsorbed compounds on the photocatalyst surface, which is followed by their degradation. We note that (C/C 0 ) 120 begins to increase when C 0 is increased to 0.25 g L
. This observation is in agreement with previous studies [30] [31] [32] , as phenol and benzoic acid concentration increases, more reaction intermediates are adsorbed on the surface of the photocatalyst. Therefore, these by-products compete with phenol and benzoic acid for adsorption sites on the surface of ZnO, and the degradation of both substrates is slowed down.
Kinetic studies of phenol and benzoic acid degradation in ZnO/UV process
The photocatalytic oxidation kinetics of many organic compounds has often been modeled with the Langmuir-Hinshelwood equation, which also covers the adsorption properties of the substrate on the photocatalyst surface [33] . This model, developed by [34, 35] , is expressed by the equation:
where r is the degradation rate (mg/L min), K app the apparent constant of degradation (1/min), C is the concentration of the organic substrate at any time t (mg/L). The integration of this equation (with limitation: C = C 0 for t = 0) leads to the following equation: vs. time represents a straight line, the slope of which upon linear regression equals the apparent first-order rate constant K app .
The kinetics of disappearance of phenol and benzoic acid at different concentrations is respectively illustrated in Figs. 11a  and 11b . The results show that the photocatalytic degradation of both compounds can be described by the first-order kinetic model. The plots of the concentration data gave a straight line. The correlation constant for the fitted line and the rate constants are calculated and their values are grouped in Table 1 .
Conclusions
The sol-gel process used in this work allowed producing a crystalline pure ZnO powder after a calcinations step. This calcined ZnO powder was very active for the degradation of phenol and benzoic acid under UV irradiation.
The photocatalytic degradation of various toxic organic compounds has been proposed as a viable process to detoxify aquatic solutions.
The photocatalytic process was influenced by several operating variables such as pH of the solution, catalyst loading and initial phenol and benzoic acid concentrations. In this work, it was established that the use of a pH = 2.5 for the medium, a ZnO concentration = 1.5 g L À1 and initial phenol concentration = 0.20 g L À1 allowed the degradation of about 60% of phenol after 120 min.
These first results being interesting, the degradation of phenol and benzoic acid by-products, such as catechol and hydroquinone, are actually studied on ZnO photocatalyst synthesized by the sol-gel process. In parallel, the sensitization of ZnO under visible light is developed by doping with alkaline elements such as Li, Na, and K. 
